Abstract The NICS(1) values of the dibenzo [fg,ij]pentaphene system with embedded heteroatoms in the fivemembered ring were calculated to explore the effect of the different heteroelements on the local aromaticities of the eight constituting rings. The calculated NICS(1) values in general are in accordance with Clar's rule, while the local aromaticity in the five-membered ring correlates with that in the isolated rings. The NICS(1) aromaticities of the embedded six-membered ring span a nearly 10 ppm range with the variation of the heteroelement, correlating with the aromaticity of the neighbouring five-membered ring.
Introduction
Polycyclic aromatic hydrocarbons (PAHs) are important targets of experimental and theoretical studies, because of their potential use in optical and electronic applications such as light-emitting devices, field-effect transistors and photovoltaics [1] .
In these types of applications, electronic properties of the molecule are of crucial importance. Aromaticity [2] [3] [4] [5] is one of the key concepts related to the electronic structure. Its exploitation gives important application-related information about the system. Differences in local aromaticity give good explanation to isomer stability, such as the superior stability of armchair edges to zigzag ones in graphene nanoribbons [6, 7] . Additionally, it influences the selectivity of reactions as in the case of Diels-Alder cycloadditions to fullerenes [8] or the addition pattern of fluorine to carbon nanotubes [9] . Generally, local aromaticity patterns in PAH systems can be interpreted with Clar's aromaticity rule [10] , which states that the Kekulé resonance structure with the largest number of disjoint psextets is the most important for the characterisation of a molecule, and the local aromaticity is increased in case of p-sextet-bearing rings. Clar's rule is in good agreement with both theoretical and experimental results for similar system types [11] [12] [13] and can be used to design PAHs with specific electronic properties [14] .
The properties of PAH systems can be modified with embedding heteroatoms into the sp 2 backbone [15] [16] [17] [18] [19] [20] . In particular, phosphole is a unique building block, because compared to many of its heterocyclic analogues, it has a weak aromatic character [21, 22] . Furthermore, previously we have shown on phosphole oligomers that with chemical modifications on the reactive P-atom even slight antiaromaticity is obtainable [23] . Recently we synthetised and studied PAHs containing a phosphole unit on the edge ( Fig. 1) and found that the presence of the heterocycle has a strong effect both on the frontier molecular orbitals [24] and the local aromaticity pattern of the PAH backbone [25] . Most interestingly, nucleus-independent chemical shift (NICS) [26, 27] investigations-that give negative values for aromatic and positive values for antiaromatic rings-showed that not only the five-membered ring of 1 possesses weak antiaromatic NICS(1) values (?3.5 ppm), as expected, but the antiaromaticity also spreads over to the endocyclic six-membered ring annellated to the phosphole's 3,4 position (?3.0 ppm). This intrusion of the antiaromaticity is creating an antiaromatic strip along the symmetry plane of the molecule as shown in Fig. 1 [25] . Furthermore, by modification of the P-substituents, not only the NICS aromaticity of the five-membered ring was tuned, but also that of the neighbouring endocyclic sixmembered unit.
As an extension of our previous work, we hereby investigate the aromaticity patterns, focusing on the endocyclic six-membered ring and its aromaticity change induced by the different neighbouring five-membered rings, to get generalisable conclusions. To this end, we consider different building blocks from creating highly aromatic systems (for example: pyrrole or thiophene) to clearly antiaromatic systems (such as borole), spanning a much wider aromaticity scale than studied before. For the PAH unit, we have chosen the ring system studied before, since this has a closed-shell ground state [28] , but in our model system 2 we do not include the methoxy groups, which were only needed for synthetic reasons [24, 25] in case of 1. The targeted heterocycle-embedded structures of 2 are shown in Fig. 2 . For further tuning of the aromaticity of the heterocycle (when applicable), we consider substituents on the heteroatom, which exhibit large hyperconjugative effects (R: SiH 3 , F) [29] . For comparison, three reference molecules-containing no heteroatoms-have been investigated (Fig. 3) . In R1, the investigated sixmembered ring has no five-membered neighbour, and in case of R2, the five-membered ring is non-aromatic [29] .
R3 has a (Clar)aromatic six-membered ring annellated to the endocyclic six-membered one.
Computational methods
Although the concept of aromaticity is well known, its description and quantification are still difficult. There are multiple approaches to describe this phenomenon, and the most commonly used methods are based on either geometry-based, energetic, electronic or magnetic characteristics [3, [30] [31] [32] [33] [34] [35] [36] . Each of these methods has their limitation, but in case of stand-alone rings, they show significant collinearity [37] . Studies in the case of PAHs and fullerenes confirm that the use of the magnetic-based method, NICS [26, 27] , gives reliable results for these systems [38] .
In the present work, the Gaussian 09 program package [39] was used to perform the calculations. Full geometry optimisations and further investigations (NICS(0) [26] and NICS(1) [27] calculations) have been carried out with the B3LYP [40, 41] functional with three different basis sets: 6-31G*, 6-31?G* and cc-pVTZ. This was done in order to test the applicability of the basis sets, with the intention of using the smaller basis sets in future projects, concentrating on these types of systems with increased size.
The investigated structures of 2 ( Fig. 2) cover borole, pyrrole, furane, silole, phosphole, thiophene, germole, arsole and selenophene derivatives. To investigate the effect of the electron-donating or withdrawing groups present on the heteroatom, when applicable -SiH 3 , -H and -F substituents were used.
Structures will be referred to by the symbol of the heteroatom. Oxides will be referred to by an O and cationic derivatives by a ? after the symbol of the heteroatom. The substituent present is indicated after the dash. For instance: 2PO-F refers to the compound in Fig. 2 , where X: P(O)F. Fig. 2 The investigated heterocycle-containing structure 2, with different heterogroups R1 R2 R3 Fig. 3 The investigated reference molecules
Results and discussion
Aromaticity
Before investigating the extended systems, the aromaticity of the parent five-membered rings and benzene (Table 1) has been calculated at the highest used level of theory (B3LYP/cc-pVTZ). The results (summarised in Table 1) are in good agreement with the values published previously at a somewhat different level of theory [42] . As expected, NICS(1) values span a wide range between -10.7 for thiophene, a highly aromatic ring, and ?11.6 for antiaromatic borole. In case of P-R, PO-R, As-R, AsO-R, SO and SeO systems, two slightly different NICS(1) values were obtained, in accordance with the non-equivalency of the two sides of the ring system (Table 1 and Tables S1, S3 and S5 in the Supporting Information). For the visualisation of the larger systems, and for the correlations (see below), we use the average of the two values.
In the following part, we investigated NICS aromaticity patterns of systems based on dibenzo[fg,ij]pentaphene (R1), focusing on the correlation between the aromaticity of the different (hetero)cycles incorporated at the edge of the structure and that of the endocyclic six-membered ring. (Figs. 4, 5) .
Investigation of the aromaticity of the reference molecules R1, R2 and R3 (Fig. 4) shows that the aromaticity pattern corresponds well with the Clar structure, and the rings bearing the p-sextets are significantly more aromatic than their neighbours (DNICS (1) & 7 ppm) . The endocyclic six-membered ring in the symmetry plane is slightly antiaromatic in case of R1. Though the presence of nonaromatic cyclopentadiene unit in R2 changes the value slightly, the antiaromatic character prevails. Oppositely, in case of R3, the endocyclic ring gains some aromaticity according to the NICS(1) values, as a consequence of having the highly aromatic connecting benzene unit (Fig. 4) .
The study of these non-heteroatom-containing systems confirmed that the aromaticity of the endocyclic ring in question is influenced by the connecting unit. To investigate the extent of this dependence, we further diversify the properties of the connecting cycle by the introduction of heteroatoms (Fig. 5) .
The NICS (1) 5 values in the five-membered rings of 2 ( Fig. 5) correlate with the values of the parent five-membered ring, as it is shown in Fig. 6 . It should be mentioned that the correlation coefficient is somewhat reduced (R 2 = 0.8728), if the values for the F and SiH 3 substituted systems are also included (see the grey points in Fig. 6 ). It is noteworthy that-in contrast to our expectations-the NICS values in the embedded rings are significantly more positive (slope 1.5-see Fig. 5 ) than in the isolated rings (Table 1) . Accordingly, the most antiaromatic five-membered rings exhibit extremely high NICS values, raising the question of a possible computational artefact. Thus, we have also checked the stability of the wave function for (1) 6 values] are significantly influenced by the heteroatom in the five-membered ring. Comparison between the purely benzenoid structure (R3) and heterocycle-embedded systems shows that although the aromaticity pattern corresponds well with the Clar structures (Fig. 4) in every case as it was already noted for PAHs [43, 44] , the heterocycles can modify the magnetic properties of their surroundings (see Fig. 5 ).
In relation to the similar NICS(1) aromaticity values of pyrrole, thiophene, furan and benzene, the NICS(1) 6 values of the endocyclic rings in 2N, 2O and 2S exhibit almost identical values with the corresponding ring in R3. With the decreasing aromaticity in the five-membered ring (e.g. 2P, 2As, 2Si, 2PO, 2Ge and 2AsO), the NICS (1) Clearly, the aromaticity of the endocyclic six-membered ring is related to the aromatic character of the neighbouring five-membered heterocycle, as it is shown in Fig. 7 . NICS(1) 6 results show a significant correlation with NICS(1) 5 (linear regression: R 2 = 0.9361 and an even much better second-degree polynomial regression: R 2 = 0.9965). The aromaticity of the endocyclic sixmembered ring is anchored to the slightly antiaromatic value in the reference molecules R1 (?3.2) and R2 (?2.3), and altogether the values between -2.3 (R3) and ?7.2 (2B-SiH 3 ) span a nearly 10 ppm range variation in the magnetic shielding on the NICS(1) scale. The point representing R3 has a slightly worse fit to the regression, which might be attributed to the different ring size (fivevs. six-membered ring). Geometry-based aromaticity indices have also been calculated, and results have been compared to those obtained by the magnetic-based NICS. The geometric indices used are based on different aspects of aromaticity, and Bird [45] [46] [47] [48] index is connected to the standard deviation of the Gordy bond orders [49] within the ring, while BDSHRT [50] shows the average p-type bond order. (For B3LYP/cc-pVTZ data, see Table S6 and Figs. S7, 8.) Although as previous studies on isolated rings suggested all the investigated aromaticity measures correlate with each other [37] , this correlation is relatively weak (especially in case of the Bird index) and among the systems with nonaromatic character. Furthermore, the five-and six-membered series seem to exhibit a different correlation. Apparently, the fact that each CC bond is part of two annellated rings with different aromaticities makes the system rather complex for geometry-based descriptors, and therefore, the weak correlation does not indicate the orthogonality of magnetic-and geometry-based aromaticity descriptors.
It should be mentioned that the lack of correlation between geometrical measures and NICS was already reported for some PAHs [51] . This behaviour was attributed to the fact that at each NICS point (at the centre of an individual ring) the shielding arises from different circuits (6, 10, 14 electron), which should be summed up, and accordingly, it is not representing the local aromaticity only [52] . Since in 2 all other higher circuits are the same about the endocyclic ring system, our present results might be explained, considering that the magnetic shielding in the endocyclic sixmembered ring is influenced by the circuit formed together with the neighbouring five-membered ring.
Results calculated at other levels of theory do not show any significant differences, neither in relative, nor in absolute NICS values or geometry-based indices (see Tables S1-4 and Figs. S1-6), and thus to obtain results for larger systems, the smaller basis sets can be used.
Conclusion
Aromaticity studies carried out on the condensed model system 2 with different heteroatoms showed that the NICS(1) 5 aromaticity in the five-membered ring correlates with that in the parent five-membered ring having the same heteroelement, and furthermore, we observed that the embedding in the dibenzo[fg,ij]pentaphene system shifts the aromaticity range towards the more antiaromatic region. Although the local aromaticity pattern is clearly determined by the Clar structure, as evidenced by the local aromaticity values in the reference molecules R1-3, the modifying effect of the heteroatom is significant. The correlation between the NICS(1) 5 and NICS (1) 6 aromaticities of the neighbouring rings is excellent, and by modification of the heterocycle, we can engineer the aromaticity of the connecting six-membered ring as well. Geometry-based local aromaticity indices (especially Bird) do not correlate well with NICS values, probably due to annellation effects between rings with different aromatic characters. Calculations with the different tested basis sets do not show significant differences; therefore, the use of the computationally cheaper methods is envisaged during further investigations of corresponding systems with extended p-framework.
